Objective-Circulating angiogenic cells play an essential role in angiogenesis but are dysfunctional in diabetes mellitus characterized by excessive oxidative stress. We hypothesize that oxidative stress-mediated upregulation of thrombospondin-2 (TSP-2), a potent antiangiogenic protein, contributes to diabetic bone marrow-derived angiogenic cell (BMAC) dysfunction. Approach and Results-BMACs were isolated from adult male type 2 diabetic db/db mice and control db/+ (C57BLKS/J) mice. In Matrigel tube formation assay, angiogenic function was impaired in diabetic BMACs, accompanied by increased oxidative stress and nicotinamide adenine dinucleotide phosphate oxidase activity. BMAC angiogenic function was restored by overexpression of dominant negative Rac1 or by overexpression of manganese superoxide dismutase. TSP-2 mRNA and protein were both significantly upregulated in diabetic BMACs, mediated by increased oxidative stress as shown by a decrease in TSP-2 level after overexpression of dominant negative Rac1 or manganese superoxide dismutase. Silencing TSP-2 by its small interfering RNA in diabetic BMACs improved BMAC function in tube formation, adhesion, and migration assays. Notably, the upregulation of TSP-2 was also found in BMACs from streptozotocin-induced type 1 diabetic mice, and normal BMACs with high glucose treatment. let-7f, a microRNA which has been related to endothelial angiogenic function, is found to play key role in TSP-2 increase, but let-7f did not directly interact with TSP-2 mRNA. Conclusions-The upregulation of TSP-2 mediated by increased oxidative stress contributes to angiogenesis dysfunction in diabetic BMACs. (Arterioscler Thromb Vasc
B ecause ≤80% of all deaths in patients with diabetes mellitus are related to cardiovascular complications, 1,2 there have been many attempts to clarify the cellular and molecular mechanisms for these cardiovascular symptoms in diabetes mellitus. 2, 3 Aberrant angiogenesis is one of the most serious symptoms associated with diabetes mellitus. 4, 5 Endothelial progenitor cells (EPCs) could be recruited from bone marrow to the injury site by homing signals to promote endothelial regeneration and neovascularization, [6] [7] [8] suggesting the potential use of EPCs as clinical therapeutics to improve angiogenesis. 9 However, the number of recruited EPCs and their function are decreased under diabetic conditions, implying that impaired EPC function could be critical for defective angiogenesis in diabetes mellitus. [10] [11] [12] Although several studies have given some explanations for diabetic EPC dysfunction, including increased oxidative stress, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation, and altered nitric oxide pathway, 13, 14 the mechanism underlying the defective angiogenic properties of diabetic EPCs remains largely unknown.
Thrombospondins (TSPs) consist of a family of extracellular glycoproteins, modulating cell-to-cell or cell-to-matrix communication, such as cell adhesion, proliferation, and migration. 15, 16 In their family of 5 members, TSP-1 and TSP-2 are known to form a subgroup and possess unique antiangiogenic characteristics. 17 Although the antiangiogenic property of TSP-1 is well established in various cell systems, 18, 19 the antiangiogenic function of TSP-2 has not been extensively investigated. Interestingly, evidence from the clinical observations and our previous study demonstrate that oxidative stress is highly increased in EPCs from subjects with diabetes mellitus. 12, 20 Lopes et al 21 showed that TSP-2 expression could be controlled by oxidative stress in endothelial cells. Until now, there have been no studies on the role of TSP-2 in EPC function in either normal or disease states, including diabetes mellitus.
MicroRNAs (miRNAs) are small single-stringed RNAs that negatively regulate gene expression by binding to target messenger RNAs. 22 In the fields of angiogenesis, it is reported that inhibitor against let-7f reduces endothelial sprout formation. 23 However, the regulatory role of let-7f in angiogenesis is not completely understood yet.
Our laboratory has been working with EPCs in cardiovascular diseases, including diabetes mellitus. 12, [24] [25] [26] In recent years, the knowledge on EPC characterization has evolved. 27 Several important phenotypes have been studied, including (1) expression of both stem cell markers and endothelial cell markers; (2) expression of endothelial cell functional genes;
(3) uptake of acetylated low-density lipoprotein Dil complex and binding of lectin; (4) production of proangiogenic factors that facilitate vascular formation; (5) incorporation into the vasculature or formation of tubular structure with lumen, etc. 27, 28 The cells studied in our laboratory, on the basis of their profiling, are better termed as bone marrow angiogenic cells (BMACs).
In the present study, we tested our hypothesis that increased oxidative stress could result in diabetic BMAC dysfunction via upregulation of TSP-2, contributing to impaired angiogenesis in diabetes mellitus. Moreover, the involvement of let-7f was investigated to clarify the role of miRNAs in diabetic BMAC dysfunction. This study reveals a novel insight into the mechanism underlying defective BMAC function in diabetes mellitus, which provides an important clue about the potential use of angiogenic cells in therapeutic application for patients with diabetes mellitus.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Angiogenesis Is Significantly Impaired in BMACs Isolated From Type 2 Diabetic Mice
Seven-day cultured BMACs were identified by the uptake of acetylated low-density lipoprotein and lectin binding. 12, [24] [25] [26] These cells showed triple positive fluorescence ( Figure 1A ). The binding of ulex europaeus-1 lectin was abolished by its hapten sugar fucose ( Figure 1A ). Compared with freshly isolated cells, cells on the seventh day after isolation showed increased expression of endothelial functional molecules, including von Willebrand factor, vascular endothelial-cadherin, and endothelial nitric oxide synthase ( Figure 1B ). Our flow cytometry analysis also indicated that 7-day cells displayed higher expression of stem cell markers and endothelial cell makers than freshly isolated cells (Table) . These cells are heterogenous, and small fraction of these cells have possibility of being endothelial cells on the basis of CD144 expression. In 3-dimensional (3D) collagen gel, these cells are capable of forming tubular structures ( Figure 1C ). To compare the angiogenesis capacity between BMACs isolated from normal (db/+) and type 2 diabetic (db/db) mice, BMACs were plated onto Matrigel and their ability to form tubes and networks was evaluated. BMACs from diabetic mice had significantly impaired tube formation ability, as shown by both tube number and tube length ( Figure 1D ).
Impaired Angiogenesis in Diabetic BMAC Is Restored by Inhibition of NADPH Oxidase
To investigate the mechanism underlying diabetic BMAC dysfunction, we measured the extent of oxidative stress using dihydroethidium. As shown in Figure 2 , the dihydroethidium signal in diabetic BMACs was significantly increased compared with normal BMACs, in both flow cytometric ( Figure 2A ) and fluorescence microscopic ( Figure 2B ) analysis. To clarify how oxidative stress is increased in diabetic BMACs, we measured NADPH oxidase activity, which is known as one of the enzyme systems most responsible for reactive oxygen generation in vascular tissue, using lucigenin-enhanced chemiluminescence. NADPH oxidase activity was highly increased in diabetic BMACs ( Figure 2C ), and the protein levels of p47 phox , gp91 phox , and Rac 1, important NADPH oxidase subunits, were significantly enhanced in diabetic BMACs ( Figure 2D ). To further investigate the possible contribution of increased NADPH oxidase activity, we transfected adenoviral vector-mediated dominant negative Rac1 (DN Rac1), which can retard the function of endogenous Rac1 or its control vector expresses β-galactosidase. Overexpression of DN Rac1 decreased NADPH oxidase activity in diabetic BMACs (Figure 2E , left) and significantly restored impaired ability for tube formation ( Figure 2F , right).
Antiangiogenic Protein TSP-2 Is Significantly Upregulated in Diabetic BMACs
To identify the target protein of oxidative stress in impaired diabetic BMAC angiogenesis, we examined antiangiogenic TSP-2 levels, on the basis of a previous study showing that TSP-2 could be regulated by oxidative stress in normal endothelial cells. 21 Real-time PCR results revealed that TSP-2 mRNA was highly increased in diabetic BMACs, whereas TSP-1 was not changed ( Figure 3A ). The increased TSP-2 in diabetic BMACs was also found by immunostaining ( Figure 3B ). Usually, TSP-2 is known to be synthesized and secreted to extracellular media to exert its function in cell-cell or cell-matrix interaction. 15 In Western blot analysis, newly synthesized cytosolic form in diabetic BMACs was increased ( Figure 3C , left), which is well correlated with mRNA level. The main functional form of secreted TSP-2 was also significantly increased, as analyzed in conditioned media after diabetic BMAC incubation ( Figure 3C , right).
TSP-2 Upregulation in Diabetic BMACs Is Mediated by Increased Oxidative Stress in Diabetic BMACs
To examine the relationship between increased oxidative stress and TSP-2 upregulation in diabetic BMACs, we determined TSP-2 level after modulating oxidative stress using the adenoviral vector-overexpressing DN Rac1 or manganese superoxide dismutase (MnSOD). The adenoviral vector-overexpressing dominant negative Rac1 interferes with endogenous Rac1, the major component of NADPH, hence the NADPH activity was significantly decreased after adenovirus-expressing dominant negative Rac1 transfection in db/db BMACs ( Figure 2D ). MnSOD is the main antioxidant enzyme found in BMACs. 29 Adenovirus-overexpressing MnSOD is expected to decrease oxidative stress in cells. As shown in Figure 4A , increased oxidative stress in diabetic BMACs was reversed after overexpression of DN Rac1 or MnSOD. Upregulation of TSP-2 mRNA and protein level was significantly diminished after inhibition of oxidative stress ( Figure 4B and 4C), demonstrating that increased oxidative stress was the main cause for the upregulation of TSP-2 in diabetic BMACs.
Upregulated TSP-2 Plays a Key Role in Impairment of Diabetic BMAC Function
To determine the role of increased TSP-2 in diabetic BMAC dysfunction, we introduced silencing RNA against TSP-2 to diabetic BMACs. The viability and morphology of BMACs after small interfering RNA transfection were not affected (data not shown). The protein level of TSP-2 was significantly decreased after 72 hours of transfection ( Figure 5A ). In Matrigel tube formation assay, silencing RNA against TSP-2 restored the impaired BMAC function, as shown by an increase in tube number and tube length ( Figure 5B ). Besides tube formation ability, adhesion and migration ability, which are the key features of BMAC angiogenic function, were significantly impaired in diabetic BMACs, but were remarkably improved by inhibition of TSP-2 using its small interfering RNA ( Figure 5C and 5D).
Expression of TSP-2 Is Increased in BMACs Under High Glucose Conditions or in BMACs Isolated From Type 1 Diabetic Mice
To further explore the relevance of TSP-2 upregulation in diabetic BMACs, we used 2 representative diabetic models. We simulated high glucose conditions in patients with diabetes mellitus with an in vitro model, by incubating normal BMACs in normal (5 mmol/L glucose and 25 mmol/L mannitol) and high glucose media (30 mmol/L glucose) for 7 days. 30 High glucose itself increased cellular oxidative stress in normal BMACs ( Figure 6A ). Notably, TSP-2 level was also significantly upregulated ( Figure 6B ). A similar increase in TSP-2 level was observed in BMACs isolated from streptozotocininduced type 1 diabetic mice ( Figure 6C ). These data suggest that the upregulation of TSP-2 can be observed throughout the different types of diabetes mellitus. 
MiRNA let-7f Contributes to TSP-2 Upregulation and Dysfunction in Diabetic BMACs
To investigate whether TSP-2 upregulation and impaired function of diabetic BMACs are under regulation of miRNA, we examined the level of let-7f, a representative miRNA related to angiogenic function in endothelial cells. The level of let-7f is significantly decreased in diabetic BMACs ( Figure 7A ). When let-7f was overexpressed by transfection of let-7f mimic ( Figure 7B ), impaired tube formation of diabetic BMACs was rescued ( Figure 7C ) and the increased protein level of TSP-2 was reduced to the normal level ( Figure 7D) . Notably, the restoration of upregulated TSP-2 level by let-7f was also observed in BMACs isolated from type 1 diabetic animals ( Figure 7E) , showing that TSP-2 was regulated by let-7f in diabetic BMACs. Consistently, the impaired angiogenic function and the increased level of TSP-2 were observed in normal BMACs after inhibition of endogenous let-7f by transfection with let-7f inhibitor oligonucleotides ( Figure 7F-7H ). However, let-7f does not directly interact with the 3′-untranslated region of TSP-2 mRNA, as found in the luciferase assay using reporter vector inserted with 3′-untranslated region of human TSP-2 (THBS2) mRNA ( Figure 7I ).
Discussion
In the present study, we demonstrated that increased NADPH oxidase activity and resultant oxidative stress contribute to diabetic BMAC dysfunction, mediated by upregulation of the antiangiogenic protein TSP-2. To our best knowledge, this is the first study showing that TSP-2 could play a key role in BMAC function. Downregulation of TSP-2 by its small interfering RNA significantly restored BMAC functions in tube formation, adhesion, and migration, indicating the critical roles of TSP-2 in angiogenic BMAC function. Furthermore, TSP-2 upregulation was also observed in BMACs under hyperglycemic conditions or isolated from type 1 diabetes mellitus, suggesting its potential contribution to BMAC dysfunction in patients with diabetes mellitus. In this study, we have investigated the antiangiogenic role of TSP-2 in BMACs, which has been ignored compared with that of TSP-1. Despite the high degree of structural similarity between TSP-1 and TSP-2, it is reported that they are differently regulated on expression pattern, 16, 31, 32 reflecting their distinct roles. The role of TSP-1 in the vascular impairment of the diabetic condition has been suggested by several studies using vascular tissues. Recently, Ii et al 18 reported that TSP-1 might be important in impairment of EPC-associated neovascularization. They found that the expression of TSP-1 in diabetic EPCs was similar to that in db/m EPCs under low-glucose conditions, which is consistent with our results ( Figure 3A) . In this regard, our results showing that TSP-2 is highly upregulated in both types of diabetes mellitus and under hyperglycemic condition suggest that TSP-2 could be an important mediator of diabetic vascular impairment, raising the need for further investigation of the role of TSP-2 in diabetic vascular tissues. Supporting our view, a recent study demonstrated that TSP-2 could play a critical antiangiogenic role in ECs, resulting in inhibition of physiological angiogenesis. 33 Consistent with these present observations, increased oxidative stress has been reported to be the potential mechanism responsible for defective vascular function in patients with diabetes mellitus and animal models. 20, 34, 35 Although here we used dihydroethidium, which may not be sufficient to specify between hydrogen peroxide and superoxide anions, many previous studies reported increased reactive oxygen species (ROS) generation under diabetic conditions. In vascular tissues isolated from patients with diabetes mellitus, NADPH oxidase activity is increased via upregulation of NADPH oxidase subunits, leading to enhanced generation of superoxide anion. 35 In BMACs from patients with diabetes mellitus, NADPH oxidase activity is found to be increased, 20, 34 and superoxide generation is significantly increased. 20 Supporting our view that increased oxidative stress plays an important role for diabetic EPC dysfunction, a recent review summarized that imbalanced ROS generation could contribute to EPC dysfunction under disease condition. Inhibition of oxidative stress has reversed diabetic EPC dysfunction in previous studies. 36 Selective Rac1 inhibition in diabetic mice reversed increased oxidative stress, resulting in improvement of vascular function. 37 Inhibition of NADPH oxidase subunit p47 phox or scavenging oxidative stress could restore the EPC function, 20 and MnSOD expression in diabetic EPC restored impairment of diabetic wound healing. 12 Nevertheless, most studies have focused on the oxidative stress itself without demonstrating its possible downstream targets, such as antiangiogenic protein.
In this regard, our study could provide a new insight into the role of increased oxidative stress in cellular signaling, including protein expression, under diabetic conditions. Interestingly, Tang et al 38 recently demonstrated that retinal endothelial cells isolated from CYP1B1 knockout mice exhibited impaired migration and capillary morphogenesis by upregulation of TSP-2, which could be reversed by antioxidant, supporting our view that oxidative stress could be the key regulator for TSP-2 expression. Our data showed the involvement of oxidative stress in TSP-2 regulation with 2 different approaches, either by blocking ROS generation or by upregulating the endogenous antioxidant system (Figure 4) . Data are expressed as mean±SEM and analyzed with 1-way ANOVA followed by Duncan test to determine the significant differences between treatment groups.
To confirm the role of DN Rac1, we demonstrated that activity of NADPH oxidase or oxidative stress is reversed (Figures 2E  and 4A ), and both of them are positively correlated with TSP-2 mRNA/protein level ( Figure 4B and 4C) . To scavenge the ROS, we investigated MnSOD, on the basis of its unique contribution to BMAC antioxidant system. The expression of MnSOD, not CuZnSOD or catalase, is found to be 3-to 4-fold higher in BMAC than that in ECs, representing a critical mechanism for intrinsic resistance of BMACs against ROS. 29 Decrease of TSP-2 mRNA/protein level after MnSOD overexpression is well correlated with the reverse of increased ROS by MnSOD (Figure 4 ), reflecting the importance of MnSOD in dysregulation of ROS in diabetic BMACs. Because of the lack of previous studies about the upstream pathway of TSP-2, the exact mechanism allowing oxidative stress to enhance TSP-2 expression has not yet been clarified. However, the observation that oxidative stress regulates the antiangiogenic protein of TSP-2 could give a possible explanation for BMAC impairment under high oxidative stress, as found in diverse cardiovascular disease, including diabetes mellitus, hypertension, coronary artery disease, or after smoking.
Here, we have used in vitro models of adhesion, migration, and tube formation, to evaluate BMAC functions under diabetes mellitus. Each of these assays represents the critical stages that occur during BMAC-mediated angiogenesis. Importantly, silencing TSP-2 could improve all of these parameters ( Figure 5 ). These results suggest that TSPs could modulate diverse cellular interactions, including cell adhesion and migration, and are well supported by the literature. 25 An issue of using Matrigel for tube formation is that it does not indicate tubular structure with lumens. Therefore, more comprehensive approaches are needed to fully represent the angiogenic potential of BMACs. In addition, it would be interesting to look into the regulation of TSP-2 in BMAC proliferation and apoptosis in future, which represent important functional aspects of BMACs. Considering the recent progress that BMACs could be novel targets for cell therapy with possible genetic modulation, further in vivo studies would be necessary to suggest that modulation of TSP-2 could be a possible therapeutic target for vascular dysfunction in diabetes mellitus.
In this study, we have investigated the possible contribution of miRNA dysregulation to angiogenic BMAC function. Disturbed level of miRNAs has been suggested to play a role in BMAC dysfunction under pathological condition. 25, 39, 40 Consistent with a previous study showing that let-7f is involved Figure 5 . Improvement of diabetic bone marrow-derived angiogenic cell (BMAC) function after silencing thrombospondin-2 (TSP-2). A, TSP-2 protein level was measured 72 hours after transfection of silencing RNA against TSP-2 (siTSP-2; siT-2) to confirm the silencing efficiency. Scrambled siRNA (Scr) was used as a negative control. The effects of siTSP-2 on diabetic BMAC function were determined in tube formation (B), adhesion (C), and migration (D; A, n=5; B, n=4; C, n=3; and D, n=3 ; scale bar, 500 μm). *P<0.05; **P<0.01 vs db/+; #P<0.05 vs db/db Scr. Data are expressed as mean±SEM and analyzed with paired Student t test or 1-way ANOVA followed by Duncan test to determine the significant differences between treatment groups. in angiogenic function in endothelial cells, 23 here we found that the level of miRNA let-7f was decreased under diabetic condition ( Figure 7A ). Notably, the reduced level of let-7f is a causative factor for TSP-2 upregulation, as well as functional impairment in both type 1 and type 2 diabetic BMACs ( Figure 7B-7D) . Meanwhile, let-7f does not directly interfere with TSP-2 translation, as shown in luciferase target assay ( Figure 7E) . Moreover, the potencies for recovery of tube formation ability of diabetic BMACs are different between silencing RNA against TSP-2 and let-7f mimic ( Figures 5B  and 7C ), suggesting the existence of other regulatory pathways for TSP-2 upregulation in diabetic BMACs other than let-7f. Further investigation will be required to clarify how let-7f and regulating pathways modulate TSP-2 level in BMACs.
In summary, we have demonstrated that increased NADPH oxidase activity and oxidative stress induce upregulation of the antiangiogenic protein of TSP-2, resulting in impairment of the diabetic BMAC functions of adhesion, migration, and tube formation. With this study, we believe that a novel insight into the role of TSP-2 in BMAC dysfunction is provided, with an important explanation about the oxidative stress-mediated modulation of angiogenesis in diabetes mellitus. Oxidative stress plays an important role in the defective vascular function in various diseases, including diabetes mellitus. This study demonstrates that increased nicotinamide adenine dinucleotide phosphate oxidase activity induces upregulation of the antiangiogenic protein of thrombospondin-2, resulting in impairment of diabetic bone marrow-derived angiogenic cell functions. These findings provide useful information on oxidative stress-mediated modulation of angiogenesis. Considering recent progress that bone marrow-derived angiogenic cells could be candidate seed cells for therapy with possible genetic modulation, modulation of thrombospondin-2 could be a possible therapeutic target for vascular dysfunction in cardiovascular diseases.
Significance
